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ABSTRACT
We study the distribution of central velocity dispersion, σ, for >100000 galaxies in the SDSS at
0.01 6 z 6 0.1. We construct the velocity dispersion function (VDF) from samples complete for all
σ, where galaxies with σ greater than the σ-completeness limit of the SDSS spectroscopic survey are
included. We compare two different σ estimates; one based on SDSS spectroscopy (σspec) and another
on photometric estimates (σmod). The σspec for our sample is systematically higher than σmod for all
ranges of σ, implying that rotational velocity may affect σspec measurements. The VDFs measured
from these quantities are remarkably similar for lower σ values, but the σmod VDF falls faster than the
σspec VDF at log σ & 2.35. Very few galaxies are observed to have σ & 350 km s−1. Despite differences
in sample selection and methods, our VDFs are in close agreement with previous determinations for the
local universe, and our results confirm that complete sampling is necessary to accurately discern the
shape of the VDF at all ranges. We also find that both late and early type galaxies have σspec>σmod,
suggesting that the rotation component of most galaxies figure significantly into σspec measurements.
Early-type galaxies dominate the population of high σ galaxies, while late-type galaxies dominate
the low σ statistic. Our results warrant a more thorough and cautious approach in using long-slit
spectroscopy to derive the statistics of local galaxies. Higher quality photometric measurements will
enable more accurate and less uncertain measurements of the σmod VDF, as described here. A follow-
up paper uses the final samples from this work in conjunction with the MBH -σ relation to derive the
z 6 0.1 black hole mass function (BHMF).
Keywords: galaxies: general – galaxies: evolution – galaxies: elliptical and lenticular, cD – galaxies:
spiral – galaxies: statistics – methods: data analysis
1. INTRODUCTION
Supermassive black holes (SMBH) exist at the cen-
ters of most, if not all, massive galaxies (Richstone et al.
1998; Ferrarese and Ford 2005; Kormendy and Ho 2013).
The mass of a central black hole is known to correlate
well with fundamental properties of a galaxy, including
bulge mass (Kormendy and Richstone 1995; Marconi and
Hunt 2003), bulge luminosity (Magorrian et al. 1998;
Graham 2007), and stellar velocity dispersion (Ferrarese
and Merritt 2000; Gebhardt et al. 2000; McConnell and
Ma 2013). The tightness of these correlations have led
many to postulate that the growth of galaxies is intrin-
sically connected to the growth of their SMBHs. Conse-
quently, understanding the effect of SMBHs is of vital im-
portance to any successful theoretical or semi-analytical
model of galaxy formation and evolution (Shankar et al.
2009, 2013; Heckman and Best 2014; Aversa et al. 2015).
Statistical studies of galaxies can be used as robust
probes into galaxy evolution. Distribution functions have
been used to describe the universe’s galaxy populations
in terms of fundamental galaxy properties such as lu-
minosity (e.g., Blanton et al. 2001; Bernardi et al. 2003;
McNaught-Roberts et al. 2014), stellar mass (e.g., Pe´rez-
Gonza´lez et al. 2008; Kelvin et al. 2014; Weigel et al.
2016), and velocity dispersion (e.g., Sheth et al. 2003;
Bernardi et al. 2010; Sohn et al. 017a), helping us char-
acterize the population of galaxies in both the local uni-
verse (Choi et al. 2007; Baldry et al. 2012) and at high
redshifts (Marchesini et al. 2007; Pozzetti et al. 2010).
Distribution functions have also been extremely helpful
in describing the population of SMBHs via the black hole
mass function (BHMF; e.g., Salucci et al. 1999; Yu and
Tremaine 2002; Graham et al. 2007; Li et al. 2011). In
a subsequent paper, we will use the velocity dispersion
distribution function we derive here to estimate a new
local BHMF.
A crucial link between simulations and observations is
the dark matter halo mass distribution function. While
both the luminosity function (LF) and stellar mass func-
tion (SMF) of galaxies have been used to trace dark mat-
ter halos (Yang et al. 2008, 2013), connecting the LF to
DM halo mass is non-trivial and the SMF has shown
little dependence on galaxy characteristics such as mor-
phology, color, and redshift (Calvi et al. 2012, 2013).
Thus, neither the LF nor the SMF may be very strong
tracers of properties of the DM halo. The central stellar
velocity dispersion (velocity dispersion, or σ, hereafter),
on the other hand, is a dynamical measurement which re-
flects the stellar kinematics governed by the central grav-
itational potential well of a galaxy, and does not suffer
from photometric biases or systematic uncertainties in
modeling stellar evolution (Conroy et al. 2009; Bernardi
et al. 2013). The central velocity dispersion has been
observed to be strongly correlated with DM halo mass,
leading some to conclude that it may be the best ob-
servable parameter connecting galaxies to their DM halo
mass (Wake et al. 2012; Zahid et al. 2016).
Large-scale surveys of galaxies such as the Sloan Digi-
tal Sky Survey (SDSS; York et al. 2000; Stoughton et al.
2002; Alam et al. 2015; Abolfathi et al. 2018) have probed
galaxy populations in great detail, across cosmic time.
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2As a result, statistical analyses have been performed on
these large datasets to establish global distributions of
galaxies in terms of observables. In particular, SDSS
galaxies have been used in deriving the velocity disper-
sion function (VDF) of galaxies in the field population
(Sheth et al. 2003; Mitchell et al. 2005; Choi et al. 2007;
Sohn et al. 017a) and the cluster population (Munari
et al. 2016; Sohn et al. 017b).
Deriving meaningful statistical information from the
VDF requires a sample that is complete and unbiased.
Volume-limited samples are incomplete below a certain
magnitude limit, so distribution functions derived from
such samples may be biased by selection effects (Pe´rez-
Gonza´lez et al. 2008; Weigel et al. 2016; Zahid et al.
2016). SMFs have been derived from samples complete
in stellar mass, M?, where the M? completeness limit was
parametrized as a function of redshift (e.g, Fontana et al.
2006; Marchesini et al. 2009; Pozzetti et al. 2010; Weigel
et al. 2016). Recently, Sohn et al. (017a) outlined an
approach to empirically determine a redshift-dependent
σ-completeness limit in order to derive a σ-complete sam-
ple for a robust measurement of the VDF from local qui-
escent SDSS galaxies. Here, we follow their approach
to generate a σ-complete sample from ∼ 360000 SDSS
galaxies – both star-forming and quiescent – at z 6 0.1.
Spectroscopic measurements through a fixed aperture
are not reliable estimates for the true velocity dispersion
of a galaxy due to contamination from galactic rotation
(Taylor et al. 2010; Bezanson et al. 2011; van Uitert et al.
2013). Reported σ values may include both the true σ
and an additional contribution from the rotational veloc-
ity, which is worse if the galaxy is more rotation domi-
nated, the aperture extends further into the galaxy, or
the galaxy is more inclined. This inherent bias in the ve-
locity dispersion measurements may lead to inaccuracies
in the derived VDF. Thus, in this paper, we also use ve-
locity dispersions estimated by the approach of Bezanson
et al. (2011) to infer the true velocity dispersion based on
the virial theorem and photometric estimates. Compari-
son of the VDF generated from this method is important
to characterize the systematic uncertainties still present
in two of our best ways of experimentally determining
the velocity dispersion for nearby galaxies.
We use our σ-complete sample to construct a VDF
for & 100000 local galaxies at 0.01 6 z 6 0.1 from the
SDSS, extending Sohn et. al. (017a)’s analysis for local
quiescent galaxies. In a follow-up paper, we use a similar
1/Vmax methodology to determine the black hole mass
function from our σ-complete sample (Hasan & Crocker,
in prep).
This paper is organized as follows: In Section 2, we
present the data used in this work, including spectro-
scopic and photometric data from SDSS and morpholog-
ical galaxy classifications from the Galaxy Zoo project
(Lintott et al. 2008, 2011). Here, we also derive two
different estimates of velocity dispersion. We account
for selection effects by constructing a σ-complete sam-
ple from z 6 0.1 galaxies in the SDSS in Section 3. We
derive the VDF for the two different velocity dispersion
estimates in Section 4 – for our complete sample and for
early and late type galaxies separately – and compare
these results with past works. Our conclusions are pre-
sented in Section 5. Throughout this paper, we assume
a standard Λ-CDM cosmology with H0 = 70 km s
−1
Mpc−1, Ωm = 0.3 and ΩΛ = 0.7.
2. DATA
In order to construct a VDF of local galaxies, we
use velocity dispersion measurements from SDSS spec-
troscopy, as well as photometric data. SDSS, which
began routine operations from 2000 (York et al. 2000;
Stoughton et al. 2002; Strauss et al. 2002), has collected
spectra of over a million galaxies and 100000 quasars,
and imaged about a third of the sky (∼ 14000 square de-
grees) (Abazajian et al. 2009; Aihara et al. 2011; Alam
et al. 2015; Abolfathi et al. 2018).
2.1. Photometric data
We use the SDSS main galaxy sample (Strauss et al.
2002), which is a magnitude-limited sample with r-band
Petrosian (1976) magnitude, rp < 17.77 mags, limited to
z . 0.3. The main galaxy sample is taken from SDSS
Data Release 12 (Alam et al. 2015). We restrict our
sample of local galaxies to z 6 0.1, which brings our
sample size from ∼ 950000 to ∼ 360000. Unlike Sohn et.
al. (017a), we make no cuts based on Dn4000 index to
separate quiescent galaxies from star-forming ones. To
correct for redshifting of light relative to our rest-frame,
we apply K-corrections (Oke and Sandage 1968) to the
r-band magnitudes. We use the z = 0 K-correction from
the NYU Value Added Galaxy Catalog (Blanton et al.
2005). Hereafter, the K-corrected absolute r-band mag-
nitude is referred to as Mr.
2.2. Velocity Dispersions
SDSS selects ∼ 99.9% of rp < 17.77 objects from its
images as spectroscopic targets. SDSS spectroscopy is
∼ 95% complete, and produces spectra which cover the
wavelength range of 3500 − 9000 A˚ with a resolution of
R ∼ 1500 at 5000 A˚ (Strauss et al. 2002). In particu-
lar, we adopt velocity dispersion measurements from the
Portsmouth Group (Thomas et al. 2013), which are ac-
cessible as publicly available value added catalogs1. The
Portsmouth templates are capped at σ = 420 km s−1, so
that is the upper limit of reliable measurements for our
sample. Furthermore, measurements where σ . 70 km
s−1 have low signal-to-noise (S/N) ratio, so they are un-
reliable too. The σ measurements from the Portsmouth
group all have S/N>10 and the median uncertainty is 7
km s−1.
The SDSS velocity dispersions are based on spectra ob-
tained from a 1.5′′ fiber. These dispersions are afterwards
corrected to an aperture of Re/8 (Re = r-band effective
radius) by adopting the calibration of Cappellari et al.
(2006): (
σSDSS
σe
)
=
(
RSDSS
Re/8
)−0.066
, (1)
where RSDSS = 1.5
′′ is the SDSS aperture radius and
σe is the velocity dispersion measured within a radius
Re/8 from the center. The aperture corrections are small
enough that they do not have a major impact on our
results, and our qualitative conclusions don’t change if we
1 http://www.sdss.org/dr14/spectro/galaxy_portsmouth/
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Figure 1. Observed spectroscopic σ (σspec) vs. modeled σ based
on photometric estimates (σmod) for our final sampleThe dashed
blue line indicates 1:1 match. Many log σmod values are below
∼ 1.9, while few such values are observed for log σspec.
adopt a slightly different radial dependence. Hereafter,
we refer to these σe as σspec.
The velocity dispersion estimate for many emission line
galaxies are likely compromised by rotation, in which
case the reported σ values are overestimated. Hence, the
presence of rotation in most galaxies introduces biases in
a VDF measured from σspec. To account for this issue, we
infer another estimate of σ based on the virial theorem
and photometric estimates of mass and size (Re). In
particular, we follow Taylor et al. (2010) to determine a
modeled σ, σmod, for each galaxy:
σmod =
√
GM?
Kv(n)Re
, (2)
where M? is the stellar mass, n the Se´rsic index, and
Kv(n) a correction term accounting for the effects of
structure on stellar dynamics, approximated by (Bertin
et al. 2002):
Kv(n) ' 73.32
10.465 + (n− 0.94)2 + 0.954. (3)
For this analysis, we obtained M? estimates from
the MPA-JHU DR8 catalogues (Kauffmann et al. 2003;
Brinchmann et al. 2004) and n and Re estimates from
the NYU VAGC. The effective radii are based on fits to
azimuthally averaged light profiles and are equivalent to
circularized effective radii.
We compare the spectroscopically derived σspec to the
photometrically inferred σmod in Fig. 1. We find that
the galaxies in our sample have systematically higher
σspec than σmod for the entire range of velocity disper-
sions (log σ ∼ 1.9 − 2.6). In particular, we observe, like
Bezanson et al. (2011) and van Uitert et al. (2013), that
σmod is in general lower than σspec for the low end (σmod
. 2). The overestimate of σspec relative to σmod is ex-
actly what is expected for rotation-dominated galaxies
which are more plentiful at lower velocity dispersions.
Being noisy below σ . 70 km s−1, SDSS measurements
don’t report many galaxies with log σ . 1.9. Seeing that
a larger proportion of galaxies have log σmod . 2 than log
σspec . 2, σspec may be giving us artificially high velocity
dispersions for many galaxies. This leads to an incorrect
representation of their true velocity dispersions.
While the modeling adds a layer of complication to an
otherwise directly measured quantity, we consider it a
valuable complementary method of obtaining a velocity
dispersion estimate. Going forward, we construct VDFs
based on both these σ estimates in section 4.1.
2.3. Galaxy Zoo
Galaxy Zoo is a web-based project in which the public
is invited to visually classify galaxies from the SDSS by
the two primary morphological types: spirals (late-types)
and ellipticals and lenticulars (early-types) (Lintott et al.
2008). The classifications of the general public agree with
those of professional astronomers to an accuracy higher
than 10 percent, and hundreds of thousands of systems
are reliably classified by morphology at more than > 5σ
confidence. A fundamental advantage of Galaxy Zoo is
that it obtains morphological information by direct visual
comparison instead of proxies such as color, concentra-
tion index or other structural parameters. Using these as
proxies for morphology may introduce various systematic
biases, leading to unreliable classifications and the need
for more direct and robust means (Lintott et al. 2008;
Bamford et al. 2009).
Each individual user assigns a vote for either spi-
ral (late-type) or elliptical (early-type) for each galaxy.
The fraction of the vote for each type for all objects is
weighted as described in Lintott et al. (2008) and then
debiased in a consistent fashion (though Bamford et al.
(2009) outlines complications with the debiasing). Fi-
nally, a vote fraction of 80% ensures an object is classi-
fied with certainty as either early or late type (the rest
being classified “uncertain”). Thus, we only selected ob-
jects with either spiral (∼ 15800 galaxies) or elliptical
(∼ 15400 galaxies) flags.
3. SELECTION EFFECTS: COMPLETENESS OF
THE SAMPLE
A statistically complete sample is necessary to mea-
sure the statistical distribution of any galaxy property.
A magnitude-limited sample such as the SDSS spec-
troscopic sample can easily be made volume-limited by
choosing an appropriate absolute magnitude limit for
each redshift z, such that within the entire volume all
galaxies brighter than this magnitude limit should be
detected. However, this volume-limited sample is only
complete for a range in absolute magnitude, Mr, not for
a range in velocity dispersions (Sohn et al. 017a; Zahid
and Geller 2017). Sohn et. al. (their Figure 1) show how
there is substantial scatter in σ for a fixed Mr. Similarly,
we find that for example, at Mr = −20.36, σspec varies
from ∼50 km s−1 to ∼315 km s−1. Converting the abso-
lute magnitude limit for a volume-limited sample,Mr,lim,
to a limit at which σ is complete is therefore not a trivial
exercise (Sheth et al. 2003; Sohn et al. 017a).
4Because of this broad distribution in σspec and σmod for
any Mr, there are many low σ galaxies which make it to
the sample by virtue of being bright enough, while some
galaxies boasting high σ are excluded for being less lu-
minous. Completeness analysis helps us ensure that our
sample isnt preferentially selecting, say just the brightest
galaxies. The goal in this section is to obtain the limit
at which σ is (∼ 95%) complete for any given volume
(parametrized by redshift), for both the σspec and σmod
samples.
3.1. Constructing σ-complete samples
In order to generate a σ-complete sample, we need to
parametrize σlim, the limit at which the sample is com-
plete for σ > σlim, as a function of redshift z. We take
an empirical approach in doing this, which closely fol-
lows the methodology of Sohn et. al. (017a). First, we
divide the volume-limited sample of 0.01 6 z 6 0.1 into
40 volume-limited subsamples, each containing a volume
with maximum redshift increased by 4z = 0.0025, start-
ing from z = 0.01, and ending at z = 0.1. For each
subsample, we derive the 95th percentile distribution of
σ for galaxies with Mr 6 Mr,lim to obtain σlim, the σ-
completeness limit at the maximum redshift (zmax) of the
subsample. We repeat this process so that σlim is found
for zmax ranging from 0.01 to 0.1.
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Figure 2. σ-completeness limit as a function of redshift for the
σspec sample (dashed purple), σmod sample (solid dark blue), and
Sohn et. al.’s (017a) sample. All of these are 2nd order polynomial
fits to the σ-completeness limit in bins of ∆z = 0.025, with the
Sohn et. al. fit for 0.03 6 z 6 0.1, and both of our fits for
0.01 6 z 6 0.1.
For both the σspec and σmod samples, we fit the distri-
bution of σlim against z to a 2
nd order polynomial. The
polynomial fits we obtain are:
log σspec,lim(z) = 1.68 + 9.10z − 42.83z2 (4)
log σmod,lim(z) = 1.49 + 12.48z − 61.37z2 (5)
The σ-completeness limit is plotted as function of red-
shift in Fig. 2, for our σspec and σmod samples, as well as
that of Sohn et. al. (017a), whose fit was also a 2nd order
polynomial, but in the redshift range 0.03 6 z 6 0.1. As
expected, we find that σlim increases as zmax increases.
We only include galaxies with σspec > σspec,lim in the fi-
nal σspec sample and those with σmod > σmod,lim in the
final σmod sample.
The final σspec sample consists of ∼ 118000 galaxies
and the final σmod sample contains ∼ 105000 galaxies
in the redshift range 0.01 6 z 6 0.1. These are both
∼ 2.5 times larger than Sohn et. al.’s sample, in which
only quiescent galaxies were selected by the Dn4000 in-
dex. About 83000 galaxies were found in both samples.
When comparing the properties of our σ-complete sam-
ples with those of the magnitude-limited samples, we
find that galaxies in the σ-complete samples are brighter
and have less uncertain σ measurements. The σ values
are also larger in general – the mean σspec and σmod in-
creases from ∼ 100 km s−1 to ∼ 165 km s−1 and ∼ 75
km s−1 to ∼ 160 km s−1, respectively, as we go from
magnitude-limited samples to σ-complete samples. The
σ-complete samples eliminate many of the low σ galax-
ies which were present in the magnitude-limited sample,
causing the mean σ to go up.
4. THE VELOCITY DISPERSION FUNCTION
The VDF is defined as the number density of galax-
ies with a given σ per unit logarithmic σ. There are
a few ways to compute the VDF, including the 1/Vmax
method (Schmidt 1968), the parametric maximum like-
lihood STY method (Efstathiou et al. 1988), and the
non-parametric stepwise maximum likelihood (SWML)
method (Sandage et al. 1979). Several studies, includ-
ing Weigel et al. (2016) review these methods and the
distribution functions resulting from them. We choose
the 1/Vmax method for our computation due to its sim-
plicity and because we do not have to initially assume
a functional form of the VDF. One drawback of this
method is that it may produce biased results if there are
inhomogeneities on large scales. The 1/Vmax and SWML
methods have been shown to produce equivalent results
(Weigel et al. 2016; Sohn et al. 017a).
4.1. Constructing the VDF
The 1/Vmax method takes into account the relative
contribution to the VDF of each galaxy with disper-
sion σ, by volume-weighting the velocity dispersions.
Each object is weighed by the maximum volume it could
be detected in, given the redshift range and the σ-
completeness of the sample. This corrects for the well-
known Malmquist bias (Malmquist 1925).
To generate our VDFs for both of our final samples,
we first divide velocity dispersions in equal bins of width
∆ log σ = 0.02, ranging from log σ = 1.8 km s−1 to
log σ = 2.7 km s−1. Then, the number density of galaxies
in a specific σ bin j is given by the following sum:
Φj(σ)∆ log σ =
Nbin∑
i
1
Vmax,i
, (6)
where Nbin is the number of galaxies in the bin and
1/Vmax is the maximum volume at which a galaxy i with
velocity dispersion σi could be detected in. In a flat uni-
5verse, the comoving volume, 1/Vmax, is given by (Hogg
1999):
Vmax,i =
4pi
3
Ωsurvey
Ωsky
[
DC(zmax,i)
3 −DC(zmin,i)3
]
. (7)
For all galaxies, zmin,i = 0.03, since that is the lower
redshift limit of our sample. Ωsky = 41253 deg2 is the
solid angle of the sky and Ωsurvey = 9200 deg2 is the solid
angle covered by SDSS. For zmax,i, we take the maxi-
mum redshift galaxy i could have, based on σi and the
parametrized completeness limits from above (Fig. 2 and
eqs. 4 and 5).
The VDF, Φ(σ), was calculated from eq. 6, for both
σspec and σmod. The uncertainties on the VDF were esti-
mated by a Monte Carlo method. We ran 10000 simula-
tions of the VDF calculation, each time randomly mod-
ifying σ values with the associated uncertainties, ∆σ,
assuming a gaussian error distribution. For σmod, we
propagated the errors on uncertainties in M?, Re, and
n. The resulting VDF, and associated uncertainties, are
tabulated in Table 1.
Fig. 3 shows the VDFs estimated from our σ-complete
σspec and σmod samples. The VDFs are fairly reliable
for ∼ 1.9 6 log σ 6 2.6. There are very few objects
with log σ & 2.6, resulting in uncertain VDF measure-
ments for those bins. The shape of the VDFs are very
similar throughout the range of velocity dispersions stud-
ied. Both VDFs decline slowly (toward higher σ) at low
and medium σ values (log σ . 2.3), followed by an ex-
ponential fall-off at log σ & 2.3. The σmod VDF falls
more rapidly than the σspec VDF at log σ & 2.35, caus-
ing it to shift to the left relative to the σspec VDF. At
higher velocity dispersions (i.e. higher masses), we ex-
pect galaxies to be less rotation-dominated, which is in
tension with our σmod VDF being lower than the σspec
VDF at log σ & 2.5. If anything, we would expect the
σmod VDF to be lower than σspec at the lowest σs, or per-
haps a systematic divergence between these throughout
the σ range studied. So we speculate that the calculated
σmod VDF may be dubious, especially at higher σ.
We refrain from making claims about the “true” VDF
and which tracer – σspec or σmod – does a better job of
measuring it. Nevertheless, the σmod VDF is a valuable
tool to interpret σspec measurements, as well as the statis-
tics based on SDSS spectroscopy. We note here that the
apparent discontinuity just below log σ ∼ 2.2 observed
in both the VDFs is likely not due to a real, physical
phenomenon, but rather an artifact of our data analysis,
and does not affect our main conclusions.
4.2. Schechter function
The LF, SMF, VDF and other distribution functions
of galaxies are often described by a Schechter (1976)
function. Schechter’s original function to approximate
the observed LF, Φ(L), exhibits a power-law behavior at
lower values of L, followed by an exponential cutoff at a
characteristic L?. We adopt a similar expression for our
VDF, Φ(σ), but find that adding an additional parame-
ter, β, gives a better approximation to the data. Thus,
following the functional form of the BHMF from Aller
and Richstone (2002), we adopt the following modified
Schechter function:
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Figure 3. VDFs for our σ-complete samples, based on σspec –
purple diamonds – and σmod – blue circles. The purple dashed
curve shows the 4-parameter best-fit Schechter function (eq. 8) for
our σspec VDF, while the blue dashed curve is the best-fit func-
tion for our σmod VDF. The pink and light blue shaded regions
represent the 68% confidence intervals for the σspec and σmod fits,
respectively.
Φ(σ) dσ = Φ?
(
σ
σ?
)α+1
exp
[
1−
(−σ
σ?
)β]
dσ. (8)
where the characteristic truncation value of σ is σ?
and Φ(σ?) = Φ?. The slope of the power law is α + 1
(α = −1 corresponds to a flat distribution at σ < σ?).
The σspec and σmod VDFs are both parametrized with
the form of eq. 8. The parameters of these fits are given
in Table 4.2. The uncertainties on the parameters were
derived by using the same Monte-Carlo simulations by
which uncertainties on the VDF were found (assuming
gaussian error distributions again).
4.3. Comparison with literature
The differences in the shape of the derived VDF for
low σ, and in the characteristic σ at which the VDF
truncates, were attributed by Choi et. al. (2007) to dif-
ferences in sample selection. For example, Sheth et. al.’s
(2003) sample of only early-type galaxies, was not com-
plete in σ, and their resulting VDF declined noticeably
for log σ . 2.2 km s−1. Comparison between previous
determinations of the VDF illuminate the fact that as-
tute sample selection is critical in determining the VDF
(Choi et al. 2007).
In Fig. 4, we compare our VDFs derived from the σ-
complete sample with previous determinations. Of these,
the Bernardi et. al. (2010) and Sohn et. al. VDFs were
determined directly from spectroscopic measurements of
σ from SDSS galaxies. Chae (2010) used a combination
of Monte Carlo-realized SDSS early-type and late-type
VDF to estimate the total VDF. Of the VDFs shown,
the Sheth et. al. (2003) VDF is an early-type VDF only.
Furthermore, Sohn et. al.’s sample selection criteria es-
sentially limited their sample to early-type galaxies since
the 4000 A˚ break strength is strongly correlated with
stellar population age, and by extension, galaxy type
(Kauffmann et al. 2003; Zahid et al. 2016).
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The σspec VDF and σmod VDF with associated upper and lower limit uncertainties
log σ Φ(σspec) ∆Φ(σspec) Φ(σmod) ∆Φ(σmod)
[km s−1] [Mpc−3 dex−1] [Mpc−3 dex−1] [Mpc−3 dex−1] [Mpc−3 dex−1]
1.90 1.703× 10−2 +1.898× 10−1−2.087× 10−1 1.448× 10
−2 +2.228× 10−1
−2.487× 10−1
2.00 1.188× 10−2 +5.367× 10−3−5.540× 10−3 1.125× 10
−2 +6.051× 10−3
−5.151× 10−3
2.06 1.004× 10−2 +4.549× 10−3−5.012× 10−3 1.010× 10
−2 +4.563× 10−3
−4.389× 10−3
2.10 9.111× 10−3 +4.764× 10−3−4.216× 10−3 1.082× 10
−2 +3.725× 10−3
−3.514× 10−3
2.16 8.578× 10−3 +3.886× 10−3−3.456× 10−3 8.721× 10
−3 +2.969× 10−3
−2.900× 10−3
2.20 6.105× 10−3 +4.349× 10−3−4.376× 10−3 5.240× 10
−3 +3.067× 10−3
−3.450× 10−3
2.26 4.992× 10−3 +4.499× 10−3−4.620× 10−3 4.471× 10
−3 +3.969× 10−3
−3.713× 10−3
2.30 3.990× 10−3 +5.203× 10−3−4.842× 10−3 3.552× 10
−3 +4.848× 10−3
−4.432× 10−3
2.36 2.633× 10−3 +5.984× 10−3−6.165× 10−3 1.816× 10
−3 +8.352× 10−3
−8.510× 10−3
2.40 1.821× 10−3 +7.581× 10−3−7.444× 10−3 9.529× 10
−4 +1.502× 10−2
−1.412× 10−2
2.46 6.687× 10−4 +1.854× 10−2−1.736× 10−2 2.486× 10
−4 +4.720× 10−2
−4.835× 10−2
2.50 2.559× 10−4 +3.803× 10−2−3.485× 10−2 1.082× 10
−4 +9.791× 10−2
−1.032× 10−1
2.60 2.770× 10−5 +3.203× 10−1−3.410× 10−1 1.451× 10
−5 +4.766× 10−1
−4.932× 10−1
Note. — Table 1 will be published in its entirety in machine-readable format when we submit to the Astronomical
or Astrophysical Journal
Table 2
Best-fit parameters for modified Schechter function (eq. 8) fits to VDFs for our σspec and σmod sample
Sample α β σ? Φ?
[km s−1] [Mpc−3 dex−1]
σspec −1.15± 0.31 2.35± 0.31 172.2± 23 (5.86± 0.35)× 10−3
σmod −1.21± 0.28 2.95± 0.37 189.1± 27 (4.20± 0.29)× 10−3
The shapes of both of our VDFs are very similar to
those of Sohn et. al., Bernardi et. al. and Chae et.
al., despite differences in methods and sample selection.
The Sohn et. al. sample is complete in σ like ours and
is a reliable estimate of the quiescent population VDF.
Their VDF flattens somewhat at log σ < 2.1, whereas
both of ours exhibit a slow upturn towards lower σs.
The Bernardi et. al. VDF, which has a similar shape
to ours (albeit predicts much higher number densities),
drew from a sample which was magnitude-limited after
correction for incompleteness. They used 1/Vmax like us,
in contrast to Sohn et. al. (who used the SWML method,
but found nearly equivalent results with 1/Vmax). Chae,
on the other hand, converted the LFs of early-type and
late-type galaxies (from a magnitude-limited sample) to
VDFs separately and added a correction term for high σ
galaxies.
It is certainly interesting that the VDF from an in-
ferred quantity – σmod – reproduces results obtained from
direct measurements of the velocity dispersion across the
literature. The approximate match between our σmod
VDF and σspec VDFs from a variety of sample selec-
tion methods is a promising sign for better uncovering
the true velocity dispersion statistics for large samples of
galaxies. Bezanson et al. (2011) derived the total VDF
for 0.3 < z 6 1.5 based on σmod (eq. 2) and found
that the VDF flattens toward lower σs with decreasing
redshift, and that the number of galaxies at the highest
σ bins (log σ & 2.5) change little. We find that their
0.3 < z 6 0.6 σmod VDF is similar to ours, possibly im-
plying little evolution from z ∼ 0 to z ∼ 0.3. In any case,
the agreement of our σmod VDF with our σspec VDF as
well as those in the literature, compels a more thorough
assessment of the differences in σ estimates from spec-
troscopic and photometric measurements, especially so
that the effect of galactic rotation is taken into account
in correcting the observed σspec and obtaining the “true”
estimate of central velocity dispersion.
4.4. Early and late types
Using Galaxy Zoo’s classification of ∼ 32000 objects as
either early or late type galaxies, we repeated the above
analysis for both subsets separately, based on both σspec
and σmod. Early type galaxies, comprising of ellipticals
and lenticulars, tend to be the most massive galaxies in
the universe. These are populated by older, redder stars
and due to a lack of cold gas reservoirs, have low star for-
mation activity (Jura 1977; Crocker et al. 2011). In con-
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Figure 4. Comparison of the VDFs from this work with with past works. Our σspec VDF is the dashed purple curve (±1σ region in
pink), and our σmod VDF is shown in dashed blue (±1σ region in light blue). The past VDFs are shown as dot-dashed curves: Sheth et al.
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Figure 5. Comparison of velocity dispersion estimates for early-
type galaxies (left) and late-types galaxies (right), similar to Fig.
1.
trast, spirals, or late type galaxies, tend to be less mas-
sive, bluer and populated mostly by younger stars. They
have been shown to exhibit much higher rates of star
formation than early type systems (Young et al. 1996;
Seigar 2017).
While no type-dependent separation of the VDF based
on modeled velocity dispersions can be found in the lit-
erature yet, many studies have examined the distribu-
tion of early and late types based on the spectroscopic
σ. Bernardi et. al. (2010), for example, derived the
VDF of low redshift SDSS galaxies (based on σspec) and
found that the VDF obtained from E+S0s (early-types)
declined toward low σ, but the addition of spirals like
Sas increased the number density at those ranges. In a
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Figure 6. VDF for early-type galaxies (left) and late-types galax-
ies (right). Left: red = σspec VDF, orange = σmod VDF. Right:
purple = σspec VDF, blue = σmod VDF.
similar way, Weigel et. al. (2016) observed a declining
SMF for lower masses for local early-types in the SDSS,
while the late-type SMF showed an increasing SMF for
lower masses.
Fig. 5 compares the σspec and σmod, as in Fig. 1,
for both galaxy types. While it would be expected that
spirals in general have σspec>σmod, we see the same is
true for early-types in our sample. In fact, the early-type
σspec values seems to be higher than σmod, compared to
late-types. For the late-types, we find that σmod predicts
much lower σ values than σspec for the lowest velocity
dispersions (log σ . 2). The offset in both plots suggests
that σspec may need to be corrected for rotation in not
just late-type galaxies, but early-types too. Blanton and
8Moustakas (2009) note that lenticulars (S0) are mostly
fast rotators, and that even most giant ellipticals may
rotate appreciably.
As Fig. 6 shows, the VDFs from our early-type and
late-types galaxies do differ. As expected, late-type
galaxies have a high fraction of low σ galaxies and con-
tribute the most to the low-σ distribution, while early-
type galaxies dominate the high-σ distribution. Here,
we observe a flattening of the early-type VDF toward
low σmod, and a slight rise in the late-type VDF for
log σmod . 2.15. Both the σspec VDFs seem to flatten
at the lowest σs. For the early-types, we see that the
σspec VDFs overestimate the σmod VDFs at log σ & 2.4,
akin to the VDFs for our full samples in Fig. 3, but the
converse is true for the late-types. Interestingly enough,
it appears that the early-type VDFs could be approxi-
mated by a double Schechter function. However, we re-
strain ourselves from arriving at major conclusions from
the early and late type sample alone, as they represent
only about a third of our final samples and could there-
fore be biased in some form.
5. CONCLUSION
We measure the VDF of galaxies from the SDSS at
0.01 6 z 6 0.1, using two different estimates of velocity
dispersion: the directly measured σspec, and the pho-
tometrically inferred σmod. We observe systematically
higher σspec relative to σmod in these galaxies, possibly
due to SDSS spectroscopy being unable to separate the
rotation component from the “true” velocity dispersion.
We construct σ-complete samples following the approach
of Sohn et. al. (017a), by selecting every galaxy with σ >
σlim(z), the σ-completeness limit as a function of redshift
for an originally magnitude-limited sample at rp < 17.77.
Our final σspec and σmod samples consist of over 100000
galaxies each and is complete for all log σspec & 1.8 and
log σmod & 1.6, respectively. These represent the largest
samples ever used in measureing the z 6 0.1 VDF.
Our measured VDFs decline slowly toward higher σ
at low σ, followed by an exponential decline at high σ.
The most uncertain number densities are observed for
the highest σ bins, since there are very few galaxies with
log σ & 2.6 km s−1. The VDFs derived from σspec and
σmod agree very well, especially at log σ . 2.3, but the
σmod VDF falls faster than the σspec VDF at log σ & 2.35.
This difference may be caused by our σmod VDF being
erroneous at the high σ range, so we caution against im-
mediately drawing conclusions about which tracer is a
better descriptor of the true VDF, or about the extent
to which the σspec VDF overestimates the true VDF.
However, the fact that our results do show divergences
between σspec and σmod – hypothetically the same phys-
ical property – and their respective VDFs supports the
argument that values of σ measured from SDSS long-slit
spectroscopy may be biased in some form.
We also use Galaxy Zoo’s classification of a fraction of
galaxies in our sample as either early-type or late-type,
and obtain VDFs for both subsamples separately. We
see that σspec is in general higher than σmod, especially
at log σ . 2, for both types, again implying rotational
velocity could be contaminating σspec. Overall, early-
type galaxies dominate the VDF at high σ (log σ & 2.4),
while late-types dominate the distribution at lower values
(log σ . 2.1). The σspec VDF predicts higher number
densities at log σ & 2.4 for early-types, while the σmod
VDF is higher at that range for the late-types.
A comparison with the local VDFs derived in the liter-
ature from direct spectroscopic measurements agree re-
markably well with both our σmod and σspec VDFs, de-
spite differences in sample selection and methods. Thus,
we believe that the literature and our work has narrowed
down on the “true” VDF for z 6 0.1 galaxies. In this
work, we’ve offered new perspectives to correct for the
uncertainties that arise in such a measurement.
We would like to stress that there are both advan-
tages and disadvantages of using photometric estimates
to measure velocity dispersion and the VDF. Direct stud-
ies of the VDF at higher redshifts are challenging because
it is difficult to obtain kinematic measurements of thou-
sands of galaxies, while photometric properties like mass
and radius are more readily available for larger samples.
This enables VDF measurements at higher redshifts us-
ing inferred velocity dispersions. However, most mea-
surements of galaxy sizes are from ground-based obser-
vations, which suffer from significant uncertainties. Fu-
ture space-based imaging would surely improve the accu-
racy of photometric measurements such as galaxy radii
and Se´rsic indices, leading to more accurate estimates of
σmod.
The VDF may be an important tool in probing the
mass distribution of DM halos, and its accurate repro-
duction by numerical simulations is paramount in tight-
ening our constraints on the evolution of galaxies. Com-
bining VDF estimates from large samples such as the
one used here with numerical simulations would there-
fore be a powerful window to understanding the large-
scale structure formation and evolution of the universe.
A follow-up paper will present the black hole mass func-
tion derived from our σ-complete sample, using Van den
Bosch (2016)’s scaling of σ to SMBH mass, MBH .
ACKNOWLEDGEMENTS
F.H would like to thank Jubee Sohn for his helpful
comments regarding the sample selection at the begin-
ning of this research. This research has made use of
NASAs Astrophysics Data System (ADS) Bibliographic
Services. This publication has also made use of Astropy,
a community-developed core PYTHON package for As-
tronomy (Astropy Collaboration, 2013). Furthermore,
we used the Tool for OPerations on Catalogues And Ta-
bles (TOPCAT2) and AstroConda, a free Conda chan-
nel maintained by the Space Telescope Science Institute
(STScI) in Baltimore, Maryland.
Galaxy Zoo is supported in part by a Jim Gray re-
search grant from Microsoft, and by a grant from The
Leverhulme Trust. Galaxy Zoo was made possible by
the involvement of hundreds of thousands of volunteer
“citizen scientists.”
Funding for SDSS-III has been provided by the Alfred
P. Sloan Foundation, the Participating Institutions, the
National Science Foundation, and the U.S. Department
of Energy Office of Science. SDSS-III is managed by
the Astrophysical Research Consortium for the Partici-
pating Institutions of the SDSS-III Collaboration. The
Participating Institutions are the American Museum of
Natural History, Astrophysical Institute Potsdam, Uni-
2 http://www.starlink.ac.uk/topcat/
9versity of Basel, University of Cambridge, Case Western
Reserve University, University of Chicago, Drexel Uni-
versity, Fermilab, the Institute for Advanced Study, the
Japan Participation Group, Johns Hopkins University,
the Joint Institute for Nuclear Astrophysics, the Kavli In-
stitute for Particle Astrophysics and Cosmology, the Ko-
rean Scientist Group, the Chinese Academy of Sciences
(LAMOST), Los Alamos National Laboratory, the Max
Planck Institute for Astronomy (MPIA), the Max Planck
Institute for Astrophysics (MPA), New Mexico State
University, Ohio State University, University of Pitts-
burgh, University of Portsmouth, Princeton University,
the United States Naval Observatory and the University
of Washington. The SDSS website is www.sdss.org/.
REFERENCES
Abazajian, K. N. et al.: 2009, The Astrophysical Journal
Supplement Series 182, 543
Abolfathi, B. et al.: 2018, ApJS 235, 42
Aihara, H. et al.: 2011, The Astrophysical Journal Supplement
Series 193, 29
Alam, S. et al.: 2015, ApJS 219, 12
Aller, M. C. and Richstone, D.: 2002, AJ 124, 3035
Aversa, R. et al.: 2015, ApJ 810, 74
Baldry, I. K. et al.: 2012, MNRAS 421, 621
Bamford, S. P. et al.: 2009, MNRAS 393, 1324
Bernardi, M. et al.: 2003, AJ 125, 1849
Bernardi, M. et al.: 2010, MNRAS 404, 2087
Bernardi, M. et al.: 2013, MNRAS 436, 697
Bertin, G., Ciotti, L., and Del Principe, M.: 2002, A&A 386, 149
Bezanson, R. et al.: 2011, ApJ 737(2), L31
Blanton, M. R. et al.: 2001, AJ 121, 2358
Blanton, M. R. et al.: 2005, AJ 129, 2562
Blanton, M. R. and Moustakas, J.: 2009, ARA&A 47(1), 159
Brinchmann, J. et al.: 2004, MNRAS 351, 1151
Calvi, R. et al.: 2012, MNRAS 419, L14
Calvi, R. et al.: 2013, MNRAS 432, 3141
Cappellari, M. et al.: 2006, MNRAS 366, 1126
Chae, K.-H.: 2010, MNRAS 402(3), 2031
Choi, Y.-Y., Park, C., and Vogeley, M. S.: 2007, ApJ 658(2), 884
Conroy, C., Gunn, J. E., and White, M.: 2009, ApJ 699, 486
Crocker, A. F. et al.: 2011, MNRAS 410, 1197
Efstathiou, G., Ellis, R. S., and Peterson, B. A.: 1988, MNRAS
232, 431
Ferrarese, L. and Ford, H.: 2005, Space Sci. Revs. 116, 523
Ferrarese, L. and Merritt, D.: 2000, Astrophys. J. L. 539, L9
Fontana, A. et al.: 2006, A&A 459, 745
Gebhardt, K. et al.: 2000, Astrophys. J. L. 539, L13
Graham, A. W.: 2007, MNRAS 379, 711
Graham, A. W. et al.: 2007, MNRAS 378, 198
Heckman, T. M. and Best, P. N.: 2014, ARA&A 52, 589
Hogg, D. W.: 1999, ArXiv Astrophysics e-prints
Jura, M.: 1977, ApJ 212, 634
Kauffmann, G. et al.: 2003, MNRAS 341, 33
Kelvin, L. S. et al.: 2014, MNRAS 444, 1647
Kormendy, J. and Ho, L. C.: 2013, ARA&A 51, 511
Kormendy, J. and Richstone, D.: 1995, ARA&A 33, 581
Li, Y.-R., Ho, L. C., and Wang, J.-M.: 2011, ApJ 742
Lintott, C. J. et al.: 2008, MNRAS 389, 1179
Lintott, C. J. et al.: 2011, MNRAS 410, 166
Magorrian, J. et al.: 1998, AJ 115, 2285
Malmquist, K. G.: 1925, Meddelanden fran Lunds Astronomiska
Observatorium Serie I 106, 1
Marchesini, D., , et al.: 2009, ApJ 701, 1765
Marchesini, D. et al.: 2007, ApJ 656, 42
Marconi, A. and Hunt, L. K.: 2003, ApJ 589, L21
McConnell, N. J. and Ma, C. P.: 2013, ApJ 764, 184
McNaught-Roberts, T. et al.: 2014, MNRAS 445, 2125
Mitchell, J. L. et al.: 2005, ApJ 622, 81
Munari, E. et al.: 2016, ApJ 827, L5
Oke, J. B. and Sandage, A.: 1968, ApJ 154, 21
Pe´rez-Gonza´lez, P. G. et al.: 2008, ApJ 675, 234
Petrosian, V.: 1976, ApJ 209, L1
Pozzetti, L. et al.: 2010, A&A 523, A13
Richstone, D. et al.: 1998, Nature 395, A14
Salucci, P. et al.: 1999, MNRAS 307, 637
Sandage, A., Tammann, G. A., and Yahil, A.: 1979, ApJ 232, 352
Schechter, P.: 1976, ApJ 203, 297
Schmidt, M.: 1968, ApJ 151, 393
Seigar, M. S.: 2017, in Spiral Structure in Galaxies, 2053-2571,
pp 5–1 to 5–13, Morgan & Claypool Publishers
Shankar, F., Weinberg, D. H., and Miralda-Escude´, J.: 2009, ApJ
690, 20
Shankar, F., Weinberg, D. H., and Miralda-Escude´, J.: 2013,
MNRAS 428, 421
Sheth, R. K. et al.: 2003, ApJ 594, 225
Sohn, J. et al.: 2017b, ApJS 229(2), 20
Sohn, J., Zahid, H. J., and Geller, M. J.: 2017a, ApJ 845, 73
Stoughton, C. et al.: 2002, AJ 123, 485
Strauss, M. A. et al.: 2002, AJ 124, 1810
Taylor, E. N. et al.: 2010, ApJ 722(1), 1
Thomas, D. et al.: 2013, MNRAS 431, 1383
Van den Bosch, R. C. E.: 2016, ApJ 831, 134
van Uitert, E. et al.: 2013, A&A 549, A7
Wake, D. A., van Dokkum, P. G., and Franx, M.: 2012, ApJ 751,
L44
Weigel, A. K., Schawinski, K., and Bruderer, C.: 2016, MNRAS
459, 2150
Yang, X. et al.: 2013, ApJ 770, 115
Yang, X., Mo, H. J., and van den Bosch, F. C.: 2008, ApJ 676,
248
York, D. G. et al.: 2000, AJ 120, 1579
Young, J. S. et al.: 1996, AJ 112, 1903
Yu, Q. and Tremaine, S.: 2002, MNRAS 335, 965
Zahid, H. J. et al.: 2016, ApJ 832, 203
Zahid, H. J. and Geller, M. J.: 2017, ApJ 841, 32
